We show that the physical distribution of nucleosomes at antigen receptor loci is subject to regulated cell type-specific and lineagespecific positioning and correlates with the accessibility of these gene segments to recombination. At the Ig heavy chain locus (IgH), a nucleosome in pro-B cells is generally positioned over each IgH variable (VH) coding segment, directly adjacent to the recombination signal sequence (RSS), placing the RSS in a position accessible to the recombination activating gene (RAG) recombinase. These changes result in establishment of a specific chromatin organization at the RSS that facilitates accessibility of the genomic DNA for the RAG recombinase. In contrast, in mouse embryonic fibroblasts the coding segment is depleted of nucleosomes, which instead cover the RSS, thereby rendering it inaccessible. Pro-T cells exhibit a pattern intermediate between pro-B cells and mouse embryonic fibroblasts. We also find large-scale variations of nucleosome density over hundreds of kilobases, delineating chromosomal domains within IgH, in a cell typedependent manner. These findings suggest that developmentally regulated changes in nucleosome location and occupancy, in addition to the known chromatin modifications, play a fundamental role in regulating V(D)J recombination. Nucleosome positioning-which has previously been observed to vary locally at individual enhancers and promoters-may be a more general mechanism by which cells can regulate the accessibility of the genome during development, at scales ranging from several hundred base pairs to many kilobases.
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epigenetics | V(D)J recombination | nucleosome positioning | chromatin | lymphocytes T he diverse repertoire of antigen receptors in vertebrates is generated by an ordered series of somatic site-specific DNA rearrangement events, collectively termed V(D)J recombination. Antigen receptor genes are assembled from V, D, and J gene segments organized into seven different loci [T-cell receptor (TCR) α, β, γ, and δ, and Ig H, κ, and λ], each of which undergoes a series of recombination reactions to generate a functional TCR or B-cell receptor (BCR) (1, 2) Rearrangement is lineage-specific, such that BCR genes are fully rearranged only in B cells and TCR genes are assembled only in T cells. Rearrangement also occurs in a preferred temporal order. For example, at the human and murine IgH loci, joining of D to J segments precedes V to DJ joining, and IgH joining precedes joining at Igκ (or Igλ) (3) . In addition, recombination at several loci shows "allelic exclusion": Functional VDJH or VJκ/Jλ joining occurs only on one allele (4) .
Recombination is initiated by the lymphocyte-specific recombination activating gene (RAG)1/RAG2 endonuclease. RAG1/2 cleaves at the recombination signal sequences (RSSs) flanking all antigen receptor gene segments. The consensus RSS consists of a heptamer sequence directly adjacent to the coding element and an A/T-rich nonamer separated from the heptamer by a spacer region of conserved length (12 or 23 bp) but relatively nonconserved sequence. The broken ends are then joined with the aid of DNA repair proteins, coding end to coding end and RSS to RSS (5) . The observation that the same recombination signal sequence and the same RAG1/2 recombinase are used for all of the antigen receptor assembly events led to the question of how the cell-type specificity and timing of this complex multistep process is regulated.
It has long been understood that one major level of control is the cis-acting accessibility of the various loci (6) . Correlations of recombinational accessibility [with sense and antisense transcription, DNase I hypersensitivity, histone modifications, chromatin compaction, chromosome looping, and subnuclear localization of the antigen receptor loci] and the presence or absence of such factors as CTCF/Rad21, Ezh2, YY1, Pax5, and IL7 provide clues as to the changes associated with an accessible state (7) . However, the physical nature of the functionally accessible state and the process of establishing it remain poorly understood.
The dynamic packaging of DNA into chromatin provides a mechanism for controlling such diverse processes as transcription, replication, recombination, and DNA repair. Local positioning of nucleosomes can serve to either occlude or reveal a
Significance
Immunoglobulin and T-cell receptor genes are assembled in lymphoid cells from gene fragments by the process known as V(D)J recombination, which is initiated by the recombination activating gene (RAG)1/RAG2 recombinase. To ensure that recombination occurs only in the correct cell type and at the right developmental stage, multiple layers of regulation are necessary, including specific modifications of chromatin. We show that nucleosome positioning is another important factor in this regulation. Developmentally regulated changes in nucleosome positioning help to guide RAG1/RAG2 to the correct sites in recombinationally active cells. These changes occur on the scale of hundreds of kilobases, a form of regulation not typically seen in the rest of the mammalian genome.
target site. For example, nucleosome depletion is generally observed at the transcriptional start site (TSS) of expressed, compared with silent, genes, and localized nucleosome repositioning is observed at a variety of regulatory loci (8) (9) (10) . However, large-scale alterations in nucleosome density on the order of 10,000 to 100,000 bp have yet to be observed.
Cis-acting accessibility for V(D)J recombination could in principle be modulated by both large-scale effects and local mechanisms that make an individual RSS accessible to the recombinase. A rosette-like 3D chromatin structure-similar to the multilooped chromosome conformations that have been observed in the beta-globin locus control region, in the Hox cluster, and in olfactory receptor genes (11-13)-has been proposed for the IgH locus, with variable gene segments grouped into distinct chromatin domains (14, 15) . Chromatin compaction and looping have also been identified as parameters controlling VDJ recombination (16) (17) (18) (19) .
V(D)J recombination could also be controlled by locally regulated changes in nucleosome positioning. In vitro studies have confirmed that nucleosome position can influence V(D)J cleavage (20, 21 ). An RSS assembled into a mononucleosome is refractory to cleavage by the Rag1/2 recombinase, but the precise position of the RSS with respect to the dyad axis governs the extent of inhibition. Histone acetylation and SWI/SNF-dependent nucleosome remodeling can act together to stimulate RSS cleavage within both mononuclesomes (22) and nucleosome arrays (23) . In vivo, Brg1, the SWI/SNF ATPase, is found at loci poised to undergo rearrangement (24) . Furthermore, the artificial recruitment of Brg1 to a promoter is sufficient to render the nearby locus accessible to the recombinase, consistent with a role for alterations in nucleosome position or occupancy in the regulation of V(D)J recombination (25) .
The V(D)J recombinase itself provides a direct mechanistic link between chromatin structure and the ability of a locus to undergo V(D)J recombination. RAG2 contains a PHD finger in its C terminus that recognizes the specific histone H3 tail modification of trimethylation of lysine 4 (H3K4me3) (26, 27) . RAG2 binds even more tightly when the nucleosome is symmetrically dimethylated on arginine 2 of histone H3 (H3R2me2s) in addition to bearing the H3K4me3 modification (28) . H3K4me3 and H3R2me2s are found at recombinationally accessible antigen receptor loci, such as the IgH D and J segments in pro-B cells, Igκ in pre-B cells, and TCRα in pro-T cells (26, (29) (30) (31) . Recognition of H3K4me3 by RAG2-PHD is required for efficient V(D)J recombination in vivo (26, 27) . In addition, in vitro analysis has revealed that the binding of H3K4me3 by RAG2 activates the recombinase complex by relieving autoinhibition imposed by interaction of the C-terminal domains of RAG1 and RAG2 (32) . Because the generation of H3K4me3 is facilitated by RNA pol II and transcription, the requirement for H3K4me3 to activate the recombinase provides an explanation for the critical role transcription through antigen receptor loci plays in V(D)J recombination. Further, it suggests a requirement for an H3K4me3 nucleosome in close proximity to the RSS.
Little is known about local or global chromatin organization of the antigen receptor loci at the level of nucleosome positioning and occupancy. A few studies have addressed this question at individual sites, but no systematic evidence of developmentally regulated nucleosome positioning has emerged. In isolation, the consensus nonamer sequence within the RSS can influence nucleosome position of in vitro assemblies (33) , but, when longer flanking DNA, with a variety of other sequences, is included, this nonamer effect is found to be relatively weak and easily overcome (20, 23) . When the nucleosome positioning and occupancy of a few, specific TCR gene segments was compared between recombinationally competent and recombinationally incompetent TCRβ and TCRα alleles in primary thymocytes, no consistent positioning of nucleosomes with respect to the RSS was observed (34) . However, because the recombinationally incompetent alleles were missing key enhancers and promoters,
these results left open the possibility that transcription-dependent depletion or repositioning of nucleosomes might occur and facilitate accessibility of the RSS.
In this study, we compared the chromatin structure of the Ig heavy chain and the T-cell receptor (TCR) alpha loci in three murine cell types rendered recombinationally inactive by loss of a RAG recombinase: (i) RAG2
−/− pro-B-cell lines, where the entire IgH locus is poised and available for recombination; (ii) RAG1
−/− pro-T-cell lines, lymphoid cells where the TCRα locus is poised and available for recombination and the IgH locus is partly open but the V region does not rearrange; and (iii) recombinationally inactive RAG2 −/− mouse embryonic fibroblasts (MEFs), where the entire IgH and TCRα loci are in a closed conformation and unavailable for rearrangement. We demonstrate that nucleosome positioning and occupancy are highly regulated around the RSSs of the V segments of both the IgH and TCRα loci. In addition, we found that nucleosome density varies on the scale of hundreds of kilobases, defining chromosomal domains within the IgH locus in a way that depends on cell type. These findings suggest that developmentally regulated changes in nucleosome location and occupancy play a fundamental role in creating and controlling the accessibility of recombination signal sequences during V(D)J recombination.
Results
We began from an apparent contradiction. RAG2 must be bound to a modified histone tail to be activated for recombination. However, RAG-catalyzed cleavage is greatly inhibited when the RSS resides within a nucleosome. How can these observations be reconciled? This question led us to ask whether nucleosome occupancy around the RSS might be subject to developmental or lineage-specific regulation in such a way as to facilitate V(D)J cleavage in appropriate cell types and suppress V(D)J cleavage in inappropriate cell types.
High-Resolution Nucleosome Mapping of the IgH Locus. We performed high-resolution nucleosome mapping at the IgH locus ( Fig. 1 ) using custom-designed microarrays (Materials and Methods), which allowed resolution of nucleosome positioning within 5 to 10 bp. To ensure the best opportunity to observe large differences in chromatin structure and nucleosome positioning between two cell types, we chose to compare nucleosome positioning in Abelson-transformed Rag2 −/− pro-B-cell lines and in Rag2 −/− MEFs, both generated from the same C57BL/6 RAG2 −/− inbred mouse strain. The IgH locus in Rag2 −/− pro-B cells is poised to undergo recombination, but, in Rag2 −/− MEFs, the locus is completely refractory to cleavage even upon overexpression of RAG1/2. Nucleosome positioning was also compared between Rag-deficient pro-B and pro-T cells to determine whether any lineage-specific regulation could be detected.
Isolated chromatin was digested with a range of micrococcal nuclease (MNase) concentrations (Fig. S1) , and the DNA derived from the mononucleosome fraction arising from each (50) . The IgH 3′ regulatory region (3′RR, green), Eμ enhancer (Eμ, green), CTCF binding elements (CBE1/2, red) (70, 71) , and PAX5-dependent regulatory (PAIR) elements (43) are indicated below the locus. The approximate sizes of the proximal and distal VH domains are indicated in the figure. concentration was pooled, hybridized to the arrays, and analyzed as described (Materials and Methods). Variability in MNase profiles between experiments carried out under different conditions can hinder a direct comparison of absolute levels of nucleosome occupancy between cell types (35) . However, the patterns across a locus can be readily compared between cell types, and a comparison of nucleosome occupancy across a locus within an individual cell type can be made (36) (37) (38) (39) . Thus, our study focused on a comparison of relative values of nucleosome occupancy.
In Pro-B Cells, V Segment RSSs at IgH Are Accessible and Flanked by a Nucleosome. To investigate regulation of nucleosome occupancy at RSSs within the IgH locus, we compared the occupancy profiles around the RSS of all IgH V segments in pro-B cells, pro-T cells, and MEFs. Two independent biological samples were evaluated, and the mean occupancy is shown in Fig. 2 (see Fig. S3 for the correlation between these replicates). In RAG2 −/− pro-B cells, a strong, narrow peak centered around position −60 bp (relative to the start of the RSS) was observed ( Fig. 2A and Fig.  S2 ). The width of this peak was consistent with a single tightly positioned nucleosome (the "−1 nucleosome") that is directly adjacent to the RSS in pro-B cells poised for V(D)J recombination ( Fig. 2B) .
A nucleosome positioned at −60 bp (±10 bp) would place the heptamer of the RSS on the "shoulder" (entry/exit point) of the nucleosome core particle, with the remainder of the RSS extending into linker DNA. Assuming that adjacent nucleosomes (on the intergenic side of the RSS) are separated by distances similar to those detected for phased nucleosomes at transcription start sites (36, 37) , enough room is left for the 39 bp of the RSS (where the RSS is placed at coordinates 0 to +38) to be located off the histone core shoulder. Thus, in pro-B cells, the RSS would be either loosely associated with the nucleosome or in the linker region adjacent to the nucleosome, an ideal location that would allow access to the RAG recombinase (20, 23) .
In MEFs, V Segment RSSs at IgH Are Occluded by a Nucleosome. The pattern of nucleosome occupancy for chromatin derived from MEFs was markedly different from that of Abelson-transformed pro-B cells. In MEFs, the strongly positioned −1 nucleosome observed in pro-B cells is completely absent, and, instead, the coding region adjacent to the RSS is depleted of nucleosomes ( Fig. 2 and Fig. S2 ). The strongest peak in the MEF profile is the "+1" nucleosome. The breadth of the peak is indicative of the presence of a single, but not well-positioned, nucleosome. The MEF +1 nucleosome is located at ∼+75 bp. Therefore, the +1 nucleosome in MEFs overlaps most of the 39 bp of the RSS (Fig. 2B) . A series of peaks indicating the presence of additional nucleosomes extends in the direction of the intergenic sequences. Thus, the IgH variable (VH) RSSs seem to be wrapped into localized nucleosomes, flanked by a region within the adjacent coding element where nucleosome occupancy is reduced.
Intermediate Nucleosome Occupancy and Positioning at IgH in Pro-T Cells. We asked whether nucleosome occupancy at IgH in RAG1
−/− pro-T cells would be similar to that in MEFs, pro-B cells, or neither. Although V(D)J recombination is cell type-specific, with IgH genes fully rearranging in B cells and not in T cells, some amount of IgH D-to-J rearrangement is observed in developing T cells (3) . Moreover, low levels of activating histone modifications are present across the IgH D-J region in pro-T cells (24) . Thus, in pro-T cells, at least the D-J region of the IgH locus exists in an intermediate state of accessibility: neither refractory to recombination as it is in MEFs nor fully poised as it is in pro-B cells.
When mononucleosomes prepared from a RAG1 −/− pro-Tcell line were analyzed, the nucleosome density averaged over all VH gene segments revealed a pattern intermediate to that in MEFs or pro-B cells ( Fig. 2A and Fig. S2 ). In pro-T cells, as in pro-B cells, the region of nucleosomal depletion in the coding region flanking the RSS was absent, and a single strong peak of nucleosome density was observed (−1 nucleosome). However, this peak was broader than in pro-B cells and was shifted toward the RSS, such that the peak was centered at about −40 bp ( the pro-T cells placed it in an intermediate position relative to the RSS compared with MEFs and pro-B cells. A nucleosome centered at −40 (±10 bp) would fully encompass the RSS, rather than allowing the RSS to be in the more accessible position of the histone core shoulder or "naked" linker DNA (Fig. 2B) .
The broader peak observed here in pro-T compared with pro-B cells could be a reflection of a nucleosome that is less positioned. For example, a broader peak is consistent with a nucleosome occupying different fixed positions on the two alleles in a given cell or within the cell population, a nucleosome that can slide within a region, or overlapping rotationally related nucleosome positions. Because the peak represents data averaged from all VH gene segments, the broader peak could also arise from tightly positioned nucleosomes that are present at different distances from the RSS for different gene segments. We therefore proceeded to a detailed analysis of nucleosome profiles corresponding to the individual gene segments.
Comparative Analysis of Individual Gene Segments. To look in more detail at nucleosomal profiles around the RSS at individual gene segments, we plotted the microarray data as heat maps, where each row represents one of the individual VH gene segments and encompasses 500 bp upstream and downstream of the RSS. The mean signal from these heat maps is shown in Fig. 3 (see Fig. S4 A B C D for the heat maps from each biological replicate). The individual gene segments generally followed the same overall pattern of nucleosome occupancy as observed for the average of all VH segments (Fig. 3A) . Again, the striking pattern of cell type-specific and lineage-specific nucleosome positioning was readily observed. In general, the RSS resided adjacent to a strongly positioned −1 nucleosome in pro-B cells (Fig. 3A, Middle) , whereas it was covered by a nucleosome in MEFs (Fig. 3A, Top) . Specifically, many segments in MEFs featured depletion of nucleosomes in the coding region adjacent to the RSS, where the −1 nucleosome resided in pro-B cells. In addition, when comparing nucleosome occupancy across the IgH locus in MEFs to that seen in pro-B cells, a higher level of nucleosome occupancy was observed over the RSS and the intergenic region than was present over the coding DNA. For pro-T cells, the pattern of phased nucleosomes extending into the intergenic region was also observed across the heat map (Fig. 3A, Bottom) . Once again, nucleosome density was enriched in the coding region immediately adjacent to the RSS and extending across the RSS in the majority of VH segments. Real-time quantitative PCR (qPCR) of the VH7183.16 RSS with primer pairs designed to amplify subnucleosomal length fragments recapitulated this general trend (Fig. S5) . In particular, we found the −1 positioned nucleosome adjacent to the RSS in the coding flank of pro-B cells whereas, in MEFs, the RSS was occluded by a nucleosome. More extensive and detailed tiling qPCR of multiple gene segments was precluded by the extensive sequence similarity among gene segments.
Although the individual gene segments generally followed the overall pattern of the averaged segments, some distinctions within gene families are notable. For example, in pro-B cells, the J558 and 7183 families generally showed the strongest occupancy at the −1 nucleosome position (Fig. 3B, Middle) . Further inspection of the J558 gene segments showed two distinct patterns of nucleosome occupancy (Fig. 3C ) that generally correlated with the division between proximal J558 and distal J558 gene segments as previously defined based on sequence and evolutionary conservation. The distal J558 VH gene segments had not only a robust signal at the −1 position, but also a high nucleosome density spread out over the RSS and 200 bp of the intergenic sequence (Fig. 3C, Top) . By contrast, the proximal J558 VH gene segments had a nucleosome tightly restricted to the −1 position and extensive nucleosome depletion over the 200 bp of intergenic sequence (Fig. 3C, Bottom) . Differences in histone modification and factor binding have also been reported for these two regions (40, 41) . Although the nucleosome occupancy in the −1 position was similar between proximal and distal J558 gene segments (P = 0.141) (Fig. 3D, Left) , the nucleosome occupancy in the intergenic region was significantly different between the proximal and distal J558 gene segments (P = 1.063 × 10 −6 ) (Fig. 3D, Right) , suggesting that nucleosome occupancy may be one of several factors that affects frequency of recombination and gene segment use. In this regard, the J606 family of gene segments, which are less frequently used than the VH7183 and J558 families (40, 41) , had a less tightly positioned nucleosome at position −1 and a generally more fuzzy pattern, and the SM7 family of "middle" genes displayed a distinct pattern from other middle gene segments (Fig. 3B ).
V Segment RSSs at the TCRα Locus also Exhibit Regulated Nucleosome
Positioning. The microarrays that we used for IgH also included probes to determine nucleosome positioning around the RSSs of all V segments of the murine TCRα locus. The TCRα locus is poised to undergo recombination in RAG-deficient pro-T cells whereas the locus is completely refractory to cleavage in MEFs and pro-B cells. Analyzing data from the same hybridizations and biological samples used for the IgH study, we found that nucleosome occupancy at the Vα locus also revealed lineage-specific positioning that correlates with accessibility and the potential to recombine (Fig. 4A and Figs. S6 and S7 ). In pro-T cells where the TCRα locus was poised to rearrange, there was a nucleosome positioned at −1 adjacent to the Vα RSSs in most gene segments, a position that would allow the RSS to be on the nucleosome shoulder or in linker DNA, similar to the position seen for the pro-B cells at the IgH locus (compare Fig. 4B with Fig. 2B ). In pro-B cells, where we had seen a −1 nucleosome at VH segments, there was not a positioned nucleosome at Vα (Fig. 4B) . Instead, there was a relative enrichment of nucleosome density over the RSS and intergenic region compared with the coding segment (Fig. 4A) . In MEFs, just as was seen at IgH, there was absence of signal at the −1 position and strong nucleosome density over the RSS (Fig. 4A) . These results indicate that regulated nucleosome positioning at the RSS is a more general phenomenon and is not restricted to V gene segments at the IgH locus.
Global Nucleosome Occupancy Correlates with Independently Regulated VH Domains. Our microarray-based approach allows both for an assessment of local nucleosome occupancy and for a more global appraisal of the nucleosome occupancy across the entire locus IgH locus. The murine VH locus consists of at least two distinctly regulated domains. The DH proximal domain, containing the VH7183 and DQ52 gene families along with a number of smaller middle gene families, spans roughly 900 kb whereas the DH distal domain spans ∼1.4 Mb and contains the J558 and 3609 gene families, among others (Fig. 1) . V(D)J recombination in the distal domain is known to be dependent on several transcription factors, including Pax5 (42, 43), Ikaros (44), EZH2 (45) , and YY1 (46, 47) , as well as the cytokine IL7 (48), but recombination of at least some proximal gene segments occurs in their absence (42, 44, 46, 49) . Within the distal domain, a further subdivision has been noted as mentioned above, between the tightly clustered J558 gene segments closer to DH (proximal J558) and those further away (distal J558), with the 3609 gene segments interspersed among the distal segments (40, 50).
When we analyzed global nucleosome occupancy across the entire IgH locus, we observed striking cell type-specific patterns (Fig. 5 and Figs. S8 and S9 ). In MEFs, where the locus is inaccessible for recombination, nucleosome density across the VH locus was generally uniform (Fig. 5, Top) . In contrast, distinct regions of intensity were observed in RAG2 −/− pro-B cells (Fig.  5, Middle) . The location of these regions (labeled I to IV in Fig.  5 ) showed a striking correlation with the distinct VH domains inferred from both functional studies and genomic and epigenetic information (15, 40, 51, 52) , providing an unexpected visual representation of these regions. The density of nucleosomes across the D, J (region IV), and proximal VH gene segments (region III) was substantially lower than the density over the more distal VH segments (regions I and II). The transition point between high and low density occurred next to the proximal J558 proximal gene segments on the side closer to the DH gene segments (between regions II and III), in keeping with the border inferred from multiple studies (15, 40, 51, 52) .
Within the distal VH domain, two distinct regions were notable: (i) The region encompassing the proximal J558 genes (region II) had a nucleosomal density intermediate between the VH proximal domain (region III) and the distal J558 segments (region I), and (ii) the distal J558 region (region I) was marked by its high level of nucleosome occupancy, encompassing all but one of the PAIR elements believed to be involved in the regulation of IgH rearrangement (43, 47) . Between these two regions was a short region of transition, with background levels of nucleosome density that were neither enriched nor depleted (Fig. 5 and Fig. S8) .
A comparison of the global occupancy patterns at the IgH locus between RAG1
−/− pro-T cells (Fig. 5 , Bottom) and RAG2
−/− pro-B cells (Fig. 5, Middle) served to underscore the distinct domain-like structure of the locus. The overall occupancy pattern in pro-T cells was strikingly similar to that in pro-B cells, with a few notable exceptions (see below). The same distinct domains observed in the pro-B cells were again delineated in the pro-T cells: a low level of density over the middle VH gene segments and an intermediate level over the proximal J558 section (region II), with the highest level over the distal J558 segments (region I). There were two notable differences in the global nucleosome density patterns between the pro-B-cell and pro-T-cell lines. The region encompassing the intronic enhancer (Eμ) (located between JH and Cμ) and the 3′ regulatory region (3′RR) (located downstream of IgH constant region genes) contains the two main long-distance cis-regulators of the IgH locus. This region (region IV) had a greatly depressed signal in pro-B cells, but a uniform, neutral density in pro-T cells. Furthermore, in pro-T cells (but not pro-B cells) the region encompassing the 25 proximal members of the VH7183 and VQ52 families (from the first 7183 gene segment 7183-1pg-1 to 7183-14-25) had much higher nucleosome occupancy than the surrounding region, suggesting the existence of a regulatory subdomain (see the region marked by an asterisk in Fig. 5 ). This higher occupancy (and perhaps a distinct structure it may reflect), when added to the lack of other accessibility factors, might contribute to blocking VH to DJH recombination in pro-T cells, even when the local nucleosome position seems to be in a state analogous to that seen in pro-B-cell lines. We note that a similar global analysis of nucleosome occupancy at TCRα was precluded due to insufficient tiling density across the locus in regions outside of the V segments.
Discussion
Nucleosome Position Is Regulated and Correlates with Accessibility.
The work presented here reveals a previously unidentified level of regulation for the process of V(D)J recombination. We demonstrate that nucleosome positioning around recombination signal sequences of IgH and TCRα V segments is regulated in a cell type-specific and lineage-specific fashion, suggesting that nucleosome positioning modulates accessibility of the RSS to the RAG endonuclease.
That is, at the IgH locus in pro-B cells, the −1 nucleosome is positioned adjacent to the RSS in the coding flank such that the RSS would reside in either the accessible naked DNA or at the relatively accessible entry/exit point of the nucleosome. A similarly positioned −1 nucleosome is observed at the TCRα locus in pro-T cells poised to rearrange this locus, but not in pro-B cells. In MEFs, where no recombination occurs at the endogenous IgH or TCRα loci even when RAG1/2 is expressed and plasmids can undergo recombination, the RSS for all gene families is occluded by a nucleosome, thereby rendering it inaccessible.
A general observation in mammalian genomes has been that active regulatory sites (such as promoters) display specific patterns of nucleosome positioning whereas there is a broad and relatively nonspecific accumulation of nucleosomes across these sites in their inactive state (53) . By contrast, at the V H and Vα RSSs, we observed defined, distinct nucleosome positions in different cell types, without a direct correlation with their transcriptional status.
Prior work addressing nucleosome organization at the IgH locus showed increased sensitivity to MNase at the JH locus in CD19 + B-cell precursors, compared with hepatocytes, although the precise positioning and occupancy of nucleosomes relative to the RSS and their accessibility was not described (54) . However, before the present work there had been no systematic effort to describe nucleosome positioning across the IgH locus in different cell types. In an alternative model, the RSS could become accessible stochastically, either because of the random distribution of generally immobile nucleosomes in the vicinity of the RSS, thus rendering particular RSSs accessible in individual cells within the population, or because of the presence of a mobile nucleosome in the vicinity of the RSS. In such a model, accessibility would be governed by the many other features of the locus that correlate with recombination, such as expression of lymphoid-specific transcription factors, chromatin modifications, looping, compaction, transcription, etc., that would render the locus "open" or "closed," but nucleosome positioning itself would play no role. Our data do not support this model. We find that, at least at IgH and TCRα V segments, nucleosome localization is not stochastic but, instead, is tightly correlated with both positive and negative regulation of accessibility.
The correlation of nucleosome position with cell type and recombinational accessibility is consistent with prior biochemical experiments studying V(D)J cleavage of mononucleosomes. We previously showed that an RSS positioned on the nucleosome dyad is not accessible for V(D)J cleavage (20) . By contrast, a site closer to the entry/exit points is accessible and can be cleaved at levels approaching that of naked DNA when the nucleosome is acetylated on H3 and nucleosome-remodeling factors such as SWI/SNF are active (22) . Thus, in addition to accessibility control by the posttranslational covalent modifications of chromatin (55) , based on the current study, it seems highly likely that nucleosome positioning is also a primary mechanism in determining the accessibility of the RSS at the V segments (Fig. 6) .
A Dual Role for Nucleosomes in Regulating Recombination? We began with an apparent paradox: How can nucleosomes be present at RSSs, so as to allow the PHD finger of Rag2 to bind the K4me3-modified tail of histone H3, without occluding the RSS, and thereby preventing the RAG recombinase from binding and cleaving the RSS? Our data are consistent with a very elegant solution to this paradox: Nucleosome position may be regulated to have the nucleosome sit adjacent to, but not on top of, the RSS. Thus, a properly positioned nucleosome may have a positive effect on V(D)J cleavage, rather than just leaving the RSS in naked DNA. Nucleosomes would therefore play a dual role in regulating V(D)J recombination: (i) governing the access of RAG1/2 to DNA and (ii) activating the endonuclease (Fig. 6) . We note the similarity with yeast meiotic recombination where recombination is targeted to the nucleosome-free region at transcriptional start sites adjacent to a positioned nucleosome with the H3K4me3 (and R2me2s) modifications (56) . cells and the similar relative changes in nucleosome occupancy suggest that the microarray method applied here is detecting some important underlying lymphoid-specific physical organization of chromatin. In many regions within the IgH locus, even the more subtle patterns within each domain were remarkably similar between pro-B and pro-T cells. Although these more subtle patterns, if observed within just one cell type, might seem insignificant, their reiteration in two distinct cell types underscores their likely importance to the overall lineage-specific organization of the IgH locus. Of note, although the IgH locus does not undergo complete rearrangement in pro-T cells, they do carry out a low level of IgH D-to-J rearrangement, and changes in chromosomal conformation and contraction of the IgH locus have been observed in pro-T cells (57, 58) .
What Governs the Position of the Nucleosome? The observation that nucleosome positioning is distinct between MEFs and pro-B and pro-T cells raises the question of what is responsible for the position of nucleosomes in a given cell type and for effecting the change in position. The observation of cell type-specific patterns at two different loci underscores that these patterns cannot simply be a reflection of the sequence preferences of the MNase enzyme or histone core. Changes in positioning of the nucleosomes often result from the action of a specific factor, possibly in combination with an underlying sequence that favors or disfavors nucleosome assembly and with changes in histone composition. It remains to be determined which specific factors govern positioning at this locus. Transcription, initiated from the promoter of the locus, is unlikely to play a role for several reasons. Recently the impacts of over 18 features were assessed for their ability to predict whether VH segments are active (59) . Three distinct chromatin states were identified, two that are associated with active recombination ("A" and "E") and one with generally inactive gene segments ("Bg"). The A state was characterized by the binding of "architectural proteins" CTCF and RAD21 whereas the E state was characterized by the binding of PAX5, IRF4, and YY1, and the enrichment of "active" chromatin marks H3K4me1, H3K4me2, H3K4me3, and H3K9ac. We found that the single feature of nucleosome position has approximately the same predictive value as the multiple factors contributing to the A/E and Bg classifier. A heat map showing nucleosome occupancy sorted by A/E and Bg state is shown in Fig. S11A . Using the comparison of the difference in nucleosome occupancy between −100 and 0 and +100 and 200 as a measurement of RSS openness, we found a strong correlation with the A, E, and Bg states (Fig. S11B) . Further, the quantitation of nucleosome occupancy between −100 and 0 can predict with over 80% accuracy (Materials and Methods) whether a gene segment is in the A or E state. When nucleosome occupancy at −100 to 0 is combined with the recombination information content (RIC) score (a measure of RSS quality) (60, 61), A vs. E states are predicted with over 90% accuracy. As shown in Fig.  S11C , nucleosome occupancy between −100 and 0 also correlated well with active vs. inactive gene segments defined by Bolland et al. (59) and, in combination with RIC score, predicted active vs. inactive states with greater than 90% accuracy. Thus, nucleosome position is tightly correlated with these other known factors influencing VDJ recombination and provides a simple, but informative, method for predicting chromatin signatures, as well as active vs. inactive states.
Higher Order Chromatin Structure. Recent genome-wide studies of nucleosome dynamics and occupancy in differentiating ES cells and in comparing ES cells, iPSCs, NPCs, MEFs, and other somatic cells revealed that differences in occupancy specific to cell type and developmental stage are readily seen locally over small regions of the genome (TSS, specific genes) (62) (63) (64) (65) . However, large (megabase) domains of differential occupancy between cell types were not observed in mammalian cells although they were observed in yeast. At the IgH locus, by contrast, we observed distinct levels of nucleosome occupancy encompassing broad domains of the IgH variable region. Three distinct levels of occupancy were found in pro-B cells: low (VH proximal and middle genes), medium (proximal J558), and high (distal J558), in addition to a very low occupancy region covering the regulatory domain. A similar, though not identical, pattern was seen in pro-T cells. By contrast, MEFs had a relatively uniform occupancy across the variable domain. Because the patterns were different between MEFs and pro-B cells, sequence alone could not be responsible for these differences. As noted above, transcription was unlikely to play a role in this large-scale control of nucleosome occupancy, given the absence of transcription of the V H locus in pro-T cells. Thus, the IgH locus seems to be subject to a form of regulation not previously seen in the rest of the mammalian genome: large-scale control of nucleosome occupancy.
Long-range nucleosome mapping, then, provides a powerful technique for assessing the chromatin architecture at the antigen receptor loci and an additional tool for understanding the mechanistic impact of the many factors influencing recombination. Moreover, this approach provides a method for locating transitions between these domains, where possible regulatory elements may reside.
The IgH locus, as well as other antigen receptor loci, is subject to developmentally regulated subnuclear relocation, contraction and looping and to changes in histone composition and posttranslational modification. These epigenetic changes and developmentally regulated nuclear and chromatin reorganizations are correlated with recombination. To this list, the work presented here adds two additional layers of regulation. Not only do appropriate regions need to be brought together for V(D)J joining to occur, but our data suggest that finely tuned local nucleosome positioning and appropriate levels of global nucleosome occupancy must be achieved as well.
Materials and Methods
Cell Culture and Nuclei Purification. Rag2 −/− pro-B Abelson-transformed cell lines and Rag2 −/− MEFs were generated from Rag2-deficient C57BL/6 mice obtained from The Jackson Laboratory. Rag1 −/− p53 −/− pro-T cells were as described (60) . Cells were cultured as described (24) and grown exponentially until they reached confluence and cross-linked in 1% formaldehyde for 10 min at room temperature. Glycine was then added to a final concentration of 125 mM to quench the formaldehyde. Cells were rinsed twice with cold 1× PBS and resuspended in sucrose buffer (0.3 M sucrose, 2 mM Mg(OAc) 2 , 3 mM CaCl 2 , 1% Triton X-100, and 10 mM Hepes, pH 7.8). The homogenate was diluted 1:1 with glycerol buffer (25% glycerol, 5 mM MgOAc 2 , 0.1 mM EDTA, and 10 mM Hepes, pH 7.8). To isolate the nuclei, the resulting solution was layered on a glycerol-pad buffer and spun at 1,000 × g for 15 min.
MNase Cleavage and Mononucleosomal DNA Purification. MNase cleavage and purification were performed as described (37, 66) . Briefly, chromatin from fixed nuclei was digested in MNase digestion buffer (25 mM KCl, 4 mM MgCl 2 , 1 mM CaCl 2 , 12.5% glycerol, and 50 mM Tris·HCl, pH 7.4) with titrated amounts of MNase (Worthington) for 5 min at 37°C (Fig. S1A) . Total genomic DNA from the same cells was lightly digested in MNase digestion buffer (25mM KCl, 4 mM MgCl 2 , 1 mM CaCl 2 , 12.5% glycerol, and 50 mM Tris·HCl, pH 7.4) with titrated amounts of MNase (Worthington) for 5 min at 25°C (Fig. S1B) . The reactions were terminated with 50 mM EDTA/EGTA. MNase-digested samples were treated with 100 μg/mL RNase A (Thermo Fisher Scientific) for 1 h at 37°C, and the cross-links were then reversed by overnight incubation at 65°C with 0.2 mg/mL proteinase K (Qiagen) and 1% SDS. After phenol-chloroform extraction, digested samples from nuclei and total bare genomic DNA were run on a 2% low melting agarose gel (SeaPlaque). Mononucleosomally sized fragments (>100 bp and <200 bp) were isolated from the agarose gel and purified using the QIAquick Gel Extraction Kit (Qiagen).
Microarray Hybridization and Processing. Tiling genomic DNA microarrays were custom designed (NimbleGen Systems) based on the University of California, Santa Cruz mm9 release of sequence of the IgH locus: murine chr12: 114,341,024 to 117,349,200. The 50-mer probes were selected every 20 bases with no repeat masking, for both forward and reverse. Great care was taken to ensure that the probe design allowed for discrimination between different but similar VH gene segments (and other repetitive elements across the locus). In this manner, we were able to design an array that covers ∼85% of the IgH locus. Probes specific for the murine TCRα locus (chr14: 53,047,642 to 54,843,873) were also included but at lower density. Three replicates for each strand were spotted on the array.
Mononucleosomal DNA and genomic DNA were labeled with Cy3 and Cy5, respectively, and hybridized to the array by the manufacturer or in a micro array facility set up by NimbleGen at Florida State University.
Computational Analysis. At least two independent biological replicates were assessed for each cell type. The microarray data were normalized using the bioconductor package Ringo developed for two-colored arrays (www. bioconductor.org). The ratios of signal intensities for mononucleosomal and bare genomic DNA were computed for each replicate and log2-transformed to obtain M-values. The profiles were smoothed using local regression [locally weighted scatterplot smoothing (LOWESS)] with 75-bp bandwidth and mean-shifted so that the genome-wide average was equal to zero. Standard R functions were used to compute the correlation between biological replicates and generate the corresponding scatter plots (Fig. S3) . The data from individual replicates were combined into replicate sets for each cell type using weighted averaging, which was used for all of the presented analysis, unless noted otherwise. When required, the M-values at the genomic positions not represented on the array were obtained by linear interpolation. The M-values in Fig. 3 were computed directly from probe intensities reported by the array-processing facility. These intensities are provided in the GEO entry corresponding to our study (GSE75018). All analyses including calculating P values, building boxplots, heat maps, and aggregate plots around RSS positions were performed in the R environment (www.r-project. org). P values appearing in Fig. 3D were calculated using the KolmogorovSmirnov test (as implemented in the R package "stats").
Tiling Real-Time qPCR Analysis. Mononucleosomal DNA and genomic DNA were collected as described above. At least three independent biological replicates were assessed for each cell type. Real-Time qPCR was performed as described (67) using iQ SYBR Green Supermix (Bio-Rad). A tiling series of primers (Table S1 ) were used to cover a region of 567 bp, each producing an amplicon around ∼85 bp as outlined in Fig. S5 . Nucleosomal DNA enrichment was calculated as the ratio between mononucleosomal DNA and MNase-digested genomic DNA, as described previously (68, 69) .
